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Double and triple detachment of the F−(1s22s22p6) negative ion by a single photon have been
investigated in the photon energy range 660 to 1000 eV. The experimental data provide unambiguous
evidence for the dominant role of direct photo-double-detachment with a subsequent single-Auger
process in the reaction channel leading to F2+ product ions. Absolute cross sections were determined
for the direct removal of a (1s+ 2p) pair of electrons from F− by the absorption of a single photon.
PACS numbers: 32.80.Aa,32.80.Fb,32.80.Gc,32.80.Hd,32.80.Zb,98.58.Bz
Negative ions are among the most intriguing objects
of atomic-scale physics research [1]. Binding an electron
to a neutral atom is only possible due to electron cor-
relation, i.e. by electron-electron interactions. The the-
oretical treatment of such effects has made substantial
progress (see e.g. [2]) since the first applications of quan-
tum mechanics to the description of the H− ion [3], but
is still difficult, even when only the electronic structure
of few-electron atoms or molecules is considered. Treat-
ing the effects of electron correlation in processes where
negative ions interact with charged particles or photons
provides yet a further challenge to theorists [4].
Direct multiple ionization of atoms and atomic ions by
a single photon is one of the most fundamental many-
body processes. Different from inner-shell excitation
with a subsequent cascade of Auger decays, direct photo-
double-ionization (PDI) is characterized by the absorp-
tion of a single photon by an atom and the immediate
release of two electrons. This process can solely happen
via electron correlation [5]. Thus, PDI of atoms is ex-
tremely sensitive to the details of the electron-electron
interaction and this sensitivity is quadratically enhanced
in PDI of negative ions.
There is an increasing interest in direct multiple
photoionization for which, throughout this paper, the
term photo-multiple-ionization, PMI, (or photo-double-
ionization, PDI, in the case of direct ejection of two elec-
trons by one photon) is used. This is in contrast to mul-
tiple photoionization which comprises both, direct and
sequential processes. For negative ions, “ionization” is
replaced by “detachment”. The broad interest in PMI
manifests itself in a large body of literature. PMI exper-
iments are conducted predominantly on neutral atoms
and molecules ([6–9] and references therein). Although
there have been massive theoretical attempts to calcu-
late total and differential cross sections for PMI of atoms
and atomic ions with a focus on the He and Be iso-
electronic sequences ([10–17] to name just a few), ex-
periments with ions are very scarce. Only few attempts
to measure photo-double-detachment, PDD, of negative
ions have been reported, and nothing for positive ions.
PDD measurements of H− [18], He− [19], and K− [20]
were restricted to just a few hundred meV near the PDD
threshold. The vigorously pursued theoretical treatments
of H− PDD ([21] and references therein) could not really
be challenged by the H− experiment [18]. The theoreti-
cal interpretation of a measurement on double photode-
tachment of F−[22] suggested a dominant contribution of
PDD at energies around 50 eV, however, the experiment
did not yield direct evidence for individual contributions
of PDD versus 2s inner-valence-shell ionization with sub-
sequent Auger decay.
There are published experiments on multiple pho-
toionization of positive ions, for example C+ [23] and
Fe+ [24, 25], and on multiple photodetachment of neg-
ative ions, for example S− [26], C−60 [27] and O
− [4].
However, in none of these experiments, PMD could be
isolated from sequential processes. A previous experi-
ment on Fe− [28] did provide evidence for the presence
of PDD in the threshold region of (3p+3d) direct two-
electron removal but the inferred cross section comprises
an additional unknown contribution and could not be fol-
lowed up to and beyond its maximum. Obviously, there
is a lack of measurements of direct multi-electron removal
from an ion by a single photon with a quality that can
challenge and guide theoretical treatments. The reason
for this situation is that the cross sections are small and
that space charge limits the particle density in a typical
ion beam to at most a few times 106/cm3 (comparable
to ultra-high vacuum) while densities in a gas or vapor
target for photoionization experiments can readily reach
1013/cm3. Reported here is the unambiguous observa-
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2tion of direct double detachment of a 1s and a 2p elec-
tron from the negative ion F− by a single photon probing
inter-shell correlation. Absolute cross-section measure-
ments for this elusive higher-order process are provided
over a significant energy range suitable for guiding and
testing theoretical approaches.
The experimental arrangement and procedures for the
present investigation have been previously described in
detail [29, 30]. The photon-ion merged-beams tech-
nique was employed using the Photon-Ion spectrome-
ter setup at one of the world’s brightest synchrotron-
radiation sources, PETRA III (PIPE). F− ions were
produced in an electron-cyclotron-resonance (ECR) ion
source by leaking difluoromethane (CH2F2) gas into the
plasma chamber. The ions were accelerated to 6 keV
and magnetically analyzed to obtain a pure beam of
19F−. The ion beam was then transported to the in-
teraction region, collimated and merged with a monoen-
ergetic photon beam at undulator beamline P04 [31] of
PETRA III. Product ions were separated from the parent
ion beam by a dipole magnet within which the primary
beam was collected in a Faraday cup. The photodetached
ions were passed through a spherical 180-degree out-
of-plane electrostatic deflector to suppress background
from stray electrons, photons and ions and then entered
a single-particle detector with near-100% detection effi-
ciency. The photon flux was measured with a calibrated
photodiode. Critical to the measurement of the small
cross sections associated with PMD were the high bright-
ness and flux of the photon beam (3 to 4 × 1013 s−1 at
a photon-energy bandwidth of 1 to 1.5 eV in the energy
range 660 to 1000 eV), a collimated ion beam with cur-
rents as high as 10 nA and low background count rates
in the product-ion detector.
The photon energy scale was calibrated against Ne (see
[30]) and O2 [32] reference standards with an estimated
uncertainty of ±0.3 eV. Correction factors of typically
1.0008 were applied to the photon energy in the labo-
ratory frame to account for Doppler shifts due to the
counter-propagating ion and photon beams. The sys-
tematic uncertainty of the measured cross sections is esti-
mated to be ±15% at 90% confidence level [29], to which
statistical uncertainties in the product ion signal mea-
surements were added in quadrature to give their total
uncertainty.
Figure 1 presents measured cross sections σ−1,1 for
double detachment of F− ions by a single photon yield-
ing a F+ product ion. At energies above the K edge, a
dominant contribution from direct K -shell photoioniza-
tion is expected, with a subsequent single-Auger decay,
consistent with the measured cross section. The K -shell
ionization threshold of F− at about 681 eV is clearly vis-
ible and the magnitude of the cross section is close to
the threshold value of approximately 0.4 Mb provided by
Yeh and Lindau [33] for neutral fluorine. Below the K
edge, resonances associated with excitation of a 1s elec-
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FIG. 1. (color online) Absolute cross sections σ−1,1 for
double photodetachment of F− yielding F+ product ions. The
open circles with statistical error bars represent a photon-
energy scan and the (blue) filled squares indicate absolute
measurements with total error bars at fixed photon energies.
The solid (red) line is a smooth-curve fit to the measured
points. The dotted (dark red) line is the direct-ionization
cross section σ2s for the 2s subshell of neutral fluorine from
Yeh and Lindau [33]. The dashed (olive) line is 1.4 × σ2s
and is used to simulate the valence-shell contribution to the
measured cross section σ−1,1.
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FIG. 2. (color online) Absolute cross sections σ−1,2 for triple
photodetachment of F− ions. The (blue) filled squares show
absolute measurements with total error bars. The open circles
with statistical error bars were measured in a photon-energy
scan and normalized to the absolute measurements. The
smaller circles with (orange) shading were obtained by sub-
tracting the valence-shell contribution from σ−1,1 (see Fig. 1)
and multiplying the difference by a scaling factor 0.153. They
represent the contribution of direct-K -shell ionization with
subsequent emission of two electrons to σ−1,2. The arrows
indicate the thresholds for 1s-shell ionization and for the si-
multaneous removal of a 1s and a 2p electron from F−.
3tron and subsequent decay processes are possible. In the
present case, no such resonances were found, indicating
that the F(1s2s22p6) core does not support bound states
for an additional outer-shell electron. This agrees with
findings in the photodetachment of O− ions where no
resonances with principal quantum numbers n > 2 were
observed [4].
Since resonances are absent, double detachment be-
low the K edge can only be due to processes involving
the valence shell. PDD releasing two L-shell electrons
from F− has been suggested to be dominant at energies
around 50 eV [22]. At the present energies it is found
that the cross section σ2s for 2s photoionization of neu-
tral F, which is shown in Fig. 1 by the dotted (dark red)
line, resembles the observed energy dependence of the
valence-shell cross-section contribution. Multiplication
of this curve by a factor 1.4 gives a good representation
of the measured cross section for F− below the K edge
which may indicate a dominant contribution of the se-
quential process at these high energies. The contribution
to the measured cross section above the K edge may be
estimated by the smooth solid line bridging the gap be-
tween the measurements just above the K edge and the
measured absolute cross section at 800 eV photon energy.
This curve is similar in shape and magnitude to the 1s
photoabsorption cross section of neutral F.
Figure 2 shows the result of triple photodetachment
measurements with F− ions at photon energies near theK
edge. The measured absolute cross-sections σ−1,2 (filled
squares) and normalized scan cross sections (open circles)
are compared with the shape of the direct 1s-ionization
contribution (shaded circles) from Fig. 1. The (orange)
shaded circles were obtained by subtracting the valence-
shell contribution to σ−1,1 and multiplying the result by
an empirical factor 0.153. They are intended to repre-
sent the cross section for direct single K -shell ionization
with subsequent two-electron emission, assuming a ratio
of double- to single-Auger decay of 0.153. The shaded
circles thus obtained give an excellent match with the
measured triple-detachment cross section σ−1,2 up to an
energy of approximately 700 eV, above which an addi-
tional photoionization mechanism evidently contributes
to the cross section. The continuous nature of the addi-
tional cross-section contribution and the distinct thresh-
old leave no other explanation than the observation of
PDI ejecting a pair of inner- and outer-shell electrons.
Threshold energies for the ionization of the 1s sub-
shell of F− obtained from the present experiments and
for the removal of a pair of a 1s and a 2p electron from
F− are indicated by vertical arrows in Fig. 2. The latter
threshold is the sum of the binding energy of the extra
electron in F−(2p6 1S0), 3.40 eV [1], and the K edge of
neutral F(2p5 2P3/2), 696.8 eV [34]. In the absence of a
measurement on atomic F, a conservative estimate of the
uncertainty of this energy is ±2 eV. Above the threshold
of 700.2 eV the excess cross section rises slowly as ex-
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FIG. 3. (color online) Absolute cross sections σ−1,2 for triple
photodetachment of F− ions over an extended energy range.
The open circles with statistical error bars are the normalized
scan data from Fig. 2. The (blue) filled squares with total
error bars are the results of separate absolute measurements.
The (green) shaded circles are normalized scan data taken at
5 eV steps. The solid (red) line is derived from the smooth fit
line in Fig. 1 by subtraction of the valence-shell contribution
to σ−1,1 (see Fig. 1) and multiplying the difference by an
empirical factor of 0.153.
pected for PDI in contrast to the threshold step observed
at 681.7 eV in the 1s photoabsorption (see Fig. 1).
In order to further investigate the additional process
contributing to σ−1,2, the photon energy range of the
measurements was extended to 1000 eV. Figure 3 shows
the results of an additional photon-energy scan covering
the energy range 660 to 1000 eV in steps of 5 eV together
with absolute measurements to which the scan was nor-
malized. The results for σ−1,2 from Fig. 2 are included
for completeness. Also shown is a solid (red) line which
is a smooth representation of the cross section contribu-
tion of direct 1s ionization with subsequent double-Auger
decay. This line was obtained by subtracting the valence-
shell contribution to σ−1,1 from the solid smooth line in
Fig. 1 that essentially represents σ−1,1 at photon ener-
gies beyond 690 eV and multiplying the result by a factor
0.153. Thus a smooth extrapolation of the shaded circles
shown in Fig. 2 is available for the further analysis of the
measured data.
It is now possible to extract the partial contribution to
the total triple photodetachment cross section that arises
from PDD of the F− ion releasing a 1s and 2p electron
pair
hν + F−(1s22s22p6)→ F+(1s2s22p5) + 2e− (1)
and a subsequent single-Auger decay
F+(1s2s22p5)→ F2+(1s22s22p3) + e−. (2)
The probability for single-Auger decay of F+(1s2s22p5)
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FIG. 4. (color online) The difference (divided by 0.95; see
text) of the measured data points and the solid line shown
in Fig. 3. This difference represents the absolute cross sec-
tion for direct double-detachment of F− ions, simultaneously
removing a pair of a 1s and a 2p electron with a subsequent
Auger decay releasing a third electron. The solid (red) line
models the PDD cross section on the basis of the Pattard
scaling rule [37]. The inset shows a cartoon of PDD of the
initial F− ion.
is approximately 0.95 ± 0.05, as demonstrated in sepa-
rate experiments with F+ ions [35]. Hence, the difference
between the measured triple-detachment cross sections
σ−1,2 and the estimated contribution arising from 1s pho-
toionization with subsequent double-Auger decay (the
solid line in Fig. 3) accounts for nearly the entire cross
section for PDD of a pair of a 1s and a 2p electron from
the F− ion. This cross section, corrected for a single-
Auger branching ratio of 0.95, is shown in Fig. 4. The
magnitude of the PDD cross section is 95 kb at its max-
imum. Its shape as a function of photon energy is that
expected for a PMI process. This can be investigated
on the basis of the Wannier threshold law [36] and the
scaling rule constructed by Pattard [37]. The threshold
region of the cross section σ(E) in Fig. 4 was investigated
using the Wannier threshold law σ(E) = σ0(E − Eth)α.
For energies up to 707.6 eV σ(E) could be fitted with a
constant σ0, Eth = 698.7(1.5) eV, and α = 1.1(3). This
is compatible with the expected Wannier exponent for
PDD from F−, α = 1.1269, and the threshold energy
Eth = 700.2 eV.
The scaling of cross sections derived by Pattard for
PDI and PDD is expressed by
σ(E) = σM x
α
(
α+ 7/2
αx+ 7/2
)(α+7/2)
(3)
with the photon energy E, the maximum cross section
σM , x = (E − Eth)/(EM − Eth), EM the energy where
the cross section reaches its maximum, and the Wannier
exponent α [36]. The solid (red) line in Fig. 4 shows the
Pattard scaling for the fitted parameters σM = 0.095 Mb,
and EM = 763.1 eV with α = 1.1 and Eth = 698.7 eV
fixed. Given the uncertainty of the cross-section mea-
surement and that of the subtracted partial cross section
(the solid line in Fig. 3) the scaling suggested by Pattard
agrees remarkably well with the experimentally derived
cross section in Fig. 4, supporting the conclusion that
indeed PDD of F− has been observed.
While one would expect direct K -shell single photoion-
ization with subsequent single- or double-Auger decays to
be the dominant mechanisms for the removal of two or
three electrons from an atom or ion, the present experi-
ment shows that PDD of F− is responsible for the dom-
inant contribution to the cross section σ−1,2 for triple
detachment by a single photon. A pair of electrons, one
from the 1s shell and one from the 2p subshell, are re-
leased and subsequently, with a probability of approx-
imately 95%, a single-Auger decay produces the final
charge state F2+. The dominance of the PDD contri-
bution to the total triple-detachment cross section is at-
tributed to the small binding energy of the outermost
2p electron in the F− parent ion. The capability of the
present experiment to differentiate between the charge
states of the photoions produced after absorption of a
photon facilitated the clear observation of a process that
is characterized by a very small cross section, but domi-
nantly contributes to the production of F2+ ions via net
triple detachment of F−.
The present measurement has opened a window to an
additional dimension in experimental studies of direct
multiple ionization by a single photon. This dimension is
the charge state q of atoms/ions which can be varied, for
example, along isoelectronic sequences with a fixed num-
ber of electrons Z−q where Z is the atomic number of the
investigated element. While previous experiments were
restricted to neutral species such as the helium atom, the
extension to measurements with ions allows one to ma-
nipulate the relative strengths of the electron-electron
and electron-nucleus interactions, thereby facilitating a
systematic variation of the essential forces governing the
structure of atoms and ions and their dynamical response
to external perturbations. Preliminary experiments with
Ar+ ions at the present setup indicate the feasibility of
cross-section measurements for PDI of L-shell electrons
in a positive ion. Results similar to the present one are
expected with other negative ions. Measurements of cross
sections for PDI of isoelectronic atomic ion species will
help to better understand the balance between electron
correlation and electron-nucleus interactions in atomic
structure and interactions.
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